A Dynamic Unfolded Protein Response Contributes to the Control of Cortical Neurogenesis  by Laguesse, Sophie et al.
Article
A Dynamic Unfolded Protein Response Contributes
to the Control of Cortical NeurogenesisGraphical AbstractHighlightsd The UPR is a homeostat regulating the specification of
cortical stem cells
d Elp3 loss in cortical stem cells triggers UPR by decreasing
codon translation rates
d Gradual UPR suppression promotes the switch from direct to
indirect neurogenesisLaguesse et al., 2015, Developmental Cell 35, 553–567
December 7, 2015 ª2015 Elsevier Inc.
http://dx.doi.org/10.1016/j.devcel.2015.11.005Authors
Sophie Laguesse, Catherine Creppe,
Danny D. Nedialkova, ...,
Sebastian A. Leidel, Juliette D. Godin,
Laurent Nguyen
Correspondence
godin@igbmc.fr (J.D.G.),
lnguyen@ulg.ac.be (L.N.)
In Brief
Laguesse, Creppe et al. demonstrate that
the unfolded protein response (UPR)
contributes to neurogenesis in the
developing cerebral cortex. Depletion of
the Elongator complex component Elp3
triggers the UPR through interference
with codon translation speed. UPR
activation impairs the balance between
direct and indirect neurogenesis, leading
to premature neuron generation.Accession NumbersGSE74683
Developmental Cell
ArticleA Dynamic Unfolded Protein Response Contributes
to the Control of Cortical Neurogenesis
Sophie Laguesse,1,3,11 Catherine Creppe,1,3,11 Danny D. Nedialkova,5,7 Pierre-Paul Pre´vot,1,3 Laurence Borgs,1,3
Sandra Huysseune,1,3 Be´ne´dicte Franco,1,3 Gue´rin Duysens,1,3 Nathalie Krusy,1,3 Gabsang Lee,8,9,10 Nicolas Thelen,1,3
Marc Thiry,1,3 Pierre Close,2,3 Alain Chariot,2,3,4 Brigitte Malgrange,1,3 Sebastian A. Leidel,5,6,7 Juliette D. Godin,1,3,*
and Laurent Nguyen1,3,4,*
1GIGA-Neurosciences
2GIGA-Signal Transduction
3Interdisciplinary Cluster for Applied Genoproteomics (GIGA-R)
4Walloon Excellence in Lifesciences and Biotechnology (WELBIO)
University of Lie`ge, C.H.U. Sart Tilman, Lie`ge 4000, Belgium
5Max Planck Research Group for RNA Biology, Max Planck Institute for Molecular Biomedicine, Von-Esmarch-Strasse 54, 48149 Muenster,
Germany
6Faculty of Medicine, University of Muenster, 48129 Muenster, Germany
7Cells-in-Motion Cluster of Excellence, University of Muenster, Albert-Schweitzer-Campus 1, 48129 Muenster, Germany
8Institute for Cell Engineering
9Department of Neurology
10The Solomon H. Snyder Department of Neuroscience
Johns Hopkins University School of Medicine, Baltimore, MD 21205, USA
11Co-first author
*Correspondence: godin@igbmc.fr (J.D.G.), lnguyen@ulg.ac.be (L.N.)
http://dx.doi.org/10.1016/j.devcel.2015.11.005SUMMARY
The cerebral cortex contains layers of neurons
sequentially generated by distinct lineage-related
progenitors. At the onset of corticogenesis, the
first-born progenitors are apical progenitors (APs),
whose asymmetric division gives birth directly to
neurons. Later, they switch to indirect neurogenesis
by generating intermediate progenitors (IPs), which
give rise to projection neurons of all cortical layers.
While a direct lineage relationship between APs and
IPs has been established, the molecular mechanism
that controls their transition remains elusive. Here
we show that interfering with codon translation
speed triggers ER stress and the unfolded protein
response (UPR), further impairing the generation of
IPs and leading to microcephaly. Moreover, we
demonstrate that a progressive downregulation of
UPR in cortical progenitors acts as a physiological
signal to amplify IPs and promotes indirect neuro-
genesis. Thus, our findings reveal a contribution of
UPR to cell fate acquisition during mammalian brain
development.
INTRODUCTION
The cerebral cortex is an evolutionary advanced brain structure
made of neuronal layers tangentially organized into areas that
serve specialized functions. It develops from the dorsal telen-
cephalon, which comprises distinct but lineage-related pro-Developmgenitors characterized by their morphology, expression of
molecular markers, mode of division, and cell fate acquisition
(Go¨tz and Huttner, 2005; Miyata et al., 2004; Noctor et al.,
2004). At the onset of corticogenesis, the neuroepithelial cells
(NEs) are the predominant apical progenitors (APs) that divide
at the ventricular surface. As embryogenesis proceeds, NEs
further differentiate and become in most cases radial glial cells
(RGs). Subsequently, RGs amplify their pool by undergoing
symmetrical proliferative divisions and, as development pro-
ceeds, asymmetric differentiative divisions (neurogenic divi-
sions) to self-renew and generate differentiated progeny, such
as neurons or basal progenitors (BPs) (Noctor et al., 2004).
BPs divide abventricularly and include the intermediate progen-
itor cells (IPs) and the outer radial glial cells (oRGs), the latter
being mostly present in gyrencephalic mammals (Fietz et al.,
2010; Hansen et al., 2010). In rodents, IPs settle in the subven-
tricular zone (SVZ) and divide symmetrically to generate either
postmitotic neurons or, more rarely, additional pairs of progen-
itor cells (Noctor et al., 2004). While hierarchy and lineage rela-
tionships existing between cortical progenitors are emerging
(Betizeau et al., 2013; Noctor et al., 2004), the molecular mech-
anisms controling progenitor transition and their progressive
specification toward the neuronal lineage in the cortex remain
poorly understood.
The large macromolecular Elongator complex plays a critical
role in the maturation of projection neurons (Creppe et al.,
2009). It is composed by two copies of six individual subunits
(Elp1 to Elp6) (Glatt et al., 2012). Elp3 is its enzymatic core that
contains an acetylation (HAT) domain (Winkler et al., 2002) and
a demethylation (SAM) domain (Okada et al., 2010). Although
Elp1 acts as a complex scaffold, deletion of any of the subunits
leads to a comparable phenotype in eukaryotes, suggesting that
they are all essential for complex integrity (Close et al., 2006;ental Cell 35, 553–567, December 7, 2015 ª2015 Elsevier Inc. 553
Figure 1. Conditional Removal of Elp3 in the
Forebrain Leads to Microcephaly
(A–F) Immunodetection of bIII-tubulin (red, A), Elp3
(green; A, B, and D), and Hoechst 33342 (gray;
C and E) in the cortical wall of E14.5 WT embryos.
Expression of Elp3 mRNAs (purple) and Ki67
(green) in cycling progenitors at E14.5 (F).
(G) Detection of Elp3 mRNAs by qRT-PCR in
MACS purified prominin1+ progenitors (Promi1+)
and prominin1- cells (Promi1), as compared to
total cortical extracts.
(H–M) Conditional removal of Elp3 from E14.5
mouse forebrains validated by qRT-PCR (H); 1 ±
0.04 in WT embryos; 0.04% ± 0.01% in Elp3cKO
embryos; n = 3 brains per condition), in situ hy-
bridization (I), and western blot (J). Dorsal views of
E14.5 or newborn brains from WT or Elp3cKO
mice (K). Average cortical thickness of E14.5 WT
or Elp3cKO embryos (L and M; 100% ± 2.13% in
WT embryos; 78.38% ± 1.39% in Elp3cKO
embryos; n = 4 brains per condition, ***p < 0.001,
Student’s t test).
CP, cortical plate; IZ, intermediate zone; VZ/SVZ,
ventricular/subventricular zones. Scale bars
represent 100 mm (A) or 50 mm (D–F).
See also Figure S1.Petrakis et al., 2004). Because Elongator subunits are expressed
in the nucleus and the cytoplasm, the complex has been pro-
posed to serve distinct functions in these different cellular
compartments (Glatt and Mu¨ller, 2013; Nguyen et al., 2010).
A prominent role assigned to Elongator is the modification of
wobbles uridine (U34) in cytoplasmic tRNAs. Elongator is
required for addition of 5-methoxycarbonylmethyl (mcm5) and
5-carbamoylmethyl (ncm5) groups to U34 of 11 tRNA species in
yeast, and this function is conserved in nematodes and mam-
mals (Chen et al., 2009; Karlsborn et al., 2014; Lin et al., 2013).
Remarkably, in yeast, the pleiotropic phenotypes caused by
loss of Elongator are complemented by overexpression of two
tRNA species that are normally modified by this complex (Esberg
et al., 2006). Modifications at U34 are thought to enhance the ef-
ficiency and fidelity of translation (Grosjean et al., 2010), and their
disruption decreases cognate codon binding in vitro (Rezgui
et al., 2013). Notably, in a recent study, loss of U34 modifications
was shown to elicit codon-specific translational slowdown and
trigger proteotoxic stress in yeast and nematodes (Nedialkova
and Leidel, 2015).
Inmammals, Elongator is expressed in the developing nervous
system (Creppe et al., 2009) and its mutations are associated
with neurological disorders, such as familial dysautonomia (FD)
and amyotrophic lateral sclerosis (Simpson et al., 2009; Slau-
genhaupt et al., 2001). Acute reduction of Elongator activity in
cortical projection neurons interferes with their maturation554 Developmental Cell 35, 553–567, December 7, 2015 ª2015 Elsevier Inc.(Creppe et al., 2009). However, the com-
plex is also expressed in cortical pro-
genitors, suggesting a possible role in
neurogenesis. Using an Elp3 conditional
knockout mouse (Elp3cKO), we found
that mutant newborn mice have reduced
numbers of projection neurons in allcortical layers resulting in microcephaly, a phenotype caused
by depletion of IPs during embryogenesis. At themolecular level,
loss of Elp3 activity impaired codon translation speed and trig-
gered unfolded protein response (UPR) via activation of the
PERK-eIF2a-Atf4 signaling. Upregulation of UPR in APs favored
direct neurogenesis and further impaired IPs generation and in-
direct cortical neurogenesis. Thus, Elongator safeguards the
cellular fate choice of APs to ensure generation of the appro-
priate number of projection neurons during cerebral cortex for-
mation. Remarkably, our results demonstrate that a dynamic
regulation of UPR is required for cortical neurogenesis.
RESULTS
Conditional Deletion of Elp3 Leads to Neurogenesis
Defect and Microcephaly
The expression of Elp3 in cortical progenitors was shown by im-
munolabelings (Figures 1A–1F) and by qRT-PCRs on cortical
prominin1+ progenitors isolated from E14.5 brains (Figures 1G,
7K, and S7H). To address the function of Elongator in cortical
progenitors, we engineered a conditional knockout mouse
line (Elp3lox/lox) (Figures S1A–S1C) whose breeding with FoxG1:
Cre (Elp3cKO; Figures 1H-1M) (He´bert and McConnell, 2000) or
Sox2:CreERT2 (Elp3icKO; Figures S3A–S3G; Favaro et al., 2009)
transgenic lines resulted in genetic ablation of Elp3 in cortical
progenitors. The loss of Elp3 was validated by qRT-PCR
(Figure 1H), in situ hybridization (Figure 1I), and western blot (Fig-
ure 1J). The protein level of Elp1 was also reduced (Figure 1J),
likely due to intrinsic instability when Elongator assembly is per-
turbed upon Elp3 depletion (Creppe et al., 2009). Remarkably,
when compared to wild-type (WT), Elp3cKO animals displayed
severe microcephaly with reduced cortical thickness at mid em-
bryonic stage and at birth (Figures 1K–1M). Microcephaly can
result from impaired birth and/or poor survival of newborn neu-
rons or their progenitors during embryogenesis (Avila et al.,
2014; Fei et al., 2014; Marthiens et al., 2013). Although cell sur-
vival remained unaffected (Figures S1D–S1H), we observed a
reduced cell-cycle exit at mid-corticogenesis upon Elp3 deletion
(Figures 2A–2C). Surprisingly, the thickness of the cortical plate
(CP), which is enriched in neurons, was increased at the onset
of corticogenesis (embryonic day 12.5 [E12.5]) and reduced at
mid-corticogenesis (E14.5) in Elp3cKO embryos (Figures 2D,
2E; Figures S2E and S2H). Similar results were obtained with
Elp3icKO mice (Figures S3A–S3D), but not with animals where
Elp3 is ablated in newborn projection neurons by breeding with
the Nex:Cre transgenic line (Elp3ncKO, Figures S3H–S3J), sug-
gesting that the neurogenesis defect in Elp3 mutants is intrinsic
to the progenitors. While we observed an increased output of
neurons in Elp3cKO embryos at E12.5 (Tuj1, Figures 2D, S2C,
and S2D; Tbr1, Figures S2I and S2J), less newborn projection
neurons (Tuj1, Figures S2F and S2G; Tbr1, Figures S2K–S2M)
were detected at E14.5. Immunolabelings of projection neurons
sitting in upper layers (Cux1+ and/or Satb2+) or deep-layers
(Ctip2+ and/or Tbr1+) suggested a reduction of neurons in all
cortical layers of Elp3cKO newborn mice, as compared to WT
controls (Figures 2F–2I). These results were further supported
by (1) the reduced expression of neuronal and neuronally
committed progenitor markers upon Elp3 depletion asmeasured
by qRT-PCR and in situ hybridization (Figures S2A and S2B), and
(2) a depletion of layer specific markers observed by in situ hy-
bridization in Elp3cKO animals (Figures 2J–2M). Thus, Elongator
expression is required for the generation of projection neurons
dedicated to all cortical layers, a process whose disruption likely
contributes to microcephaly in Elp3cKO animals.
Loss of Elp3 Impairs Generation of Intermediate
Progenitors during Corticogenesis
We next asked what progenitor defect could cause the reduced
neurogenesis in Elp3cKO embryos. Indeed, immunolabelings
showed reduced number of cycling progenitors at both E12.5
(data not shown) and E14.5 upon ablation of Elp3 (Figures 2N–
2P). Fewer progenitors were undergoing S phase (Figures 2Q–
2S) or mitosis (Figures 2T–2W). Strikingly, only basal mi-
toses were reduced, thus suggesting a specific impairment of
the IP population of Elp3cKO cortices (Figure 2W). Analyses
of Elp3cKO cortical progenitors showed that cycling APs
(i.e., Sox2+ or Pax6+cells) (Go¨tz et al., 1998; Hutton and Pevny,
2011) were not reduced in absolute number (Figures 3A–3E)
and that the fraction of APs in S phase (Figures 3F and 3G) or
M phase (Figures 3H and 3I) remained unchanged. It is note-
worthy that number of APs slightly declined in E16.5 Elp3cKO
embryos (data not shown), suggesting a progressive reduced
self-renewal potential of APs at late developmental stages.
Importantly, immunofluorescence and western blot analyses
revealed a significant reduced number of IPs (i.e., Tbr2+ orDevelopmInsm1+ cells) in E14.5 Elp3cKO embryos (Englund et al., 2005;
Farkas et al., 2008) (Figures 3J–3Q). Similar observations were
made with Elp3icKO embryos (Figures S3E–S3G), but not with
Elp3ncKO embryos (Figures S3K–S3M). Surprisingly, the frac-
tion of IPs in S phase (Figures 3R and 3S) or M phase (Figures
3T and 3U) was similar in both genotypes, suggesting that the
reduced number of IPs upon Elp3 depletion seemed to arise
from a defect of generation from APs rather than from a direct
exhaustion of their population. Accordingly, we observed fewer
‘‘newborn’’ IPs that retained both APs (Pax6) and IPs (Tbr2) char-
acteristics in Elp3cKOE14.5 embryos (Figures 4A–4C). Thus, our
findings reveal a critical role for Elongator in controlling IP
generation.
To further investigate the role of Elongator in neurogenesis, we
used human embryonic stem cells (hESCs) and modeled this
process in two dimensions, generating neural tube-like struc-
tures termed ‘‘rosettes’’ (Elkabetz et al., 2008). Rosettes harbor
an intrinsic neurogenesis gradient with cells surrounding the
lumen bearing immature progenitor markers, such as Pax6 and
Sox2, and the ones at the border expressing neural markers
such as Tbr2 or bIII-tubulin. To quantify neurogenesis in this
model, we measured the percentage of cells showing character-
istics of ‘‘newborn’’ IPs (i.e., Sox2+ and Tbr2+). While cell prolif-
eration in rosettes remains unchanged after silencing Elp3 by
nucleofected esiRNAs in hESCs (data not shown), we observed
a reduced number of Sox2+;Tbr2+ cells (Figures 4D–4F; Figures
S4A and S4B). We further tested whether neurogenesis was also
impaired in rosettes obtained from FD-induced pluripotent stem
cells (hiPSCs) that were reprogrammed from fibroblasts of two
FD patients (Figures S4C–S4K). These cells generated neuroepi-
thelial intermediates that expressed significantly lower levels of
Elp1 and Elp3 proteins, as compared to sex and age-matched
WT (Figure 4J). Although FD hiPSCs formed rosettes as effi-
ciently as WT hiPSCs (Figures 4G–4I), the percentage of
‘‘newborn’’ IPs was severely reduced upon knockdown of Elon-
gator subunits (Figure 4K). Taken together, these data suggest
that Elongator is required for neuronal progenitor commitment
in the mouse brain and human-derived neural tissue.
Loss of Elp3 Expression Impairs Indirect Neurogenesis
in the Mouse Developing Cortex
Projection neurons can arise from dividing APs through a pro-
cess termed direct neurogenesis. However, the bulk of projec-
tion neurons is generated via indirect neurogenesis after division
of IPs (Sessa et al., 2008). The reduced percentage of newborn
IPs that co-express Pax6 and Tbr2 in Elp3cKO embryos sug-
gested that resident APs gave rise to IPs less efficiently upon
Elp3 depletion (Figures 4A–4C). To test this hypothesis, we
labeled APs lining the lateral ventricle by in utero elec-
troporations of GFP in E13.5 Elp3cKO or WT embryos (Fig-
ure 5A). The phenotype of the progeny of targeted cells was
assessed 24 hr later by immunohistochemistry. When compared
to WT, Elp3cKO cortices showed a significantly lower percent-
age of IPs in favor of neurons (Figures S5A–S5D). To test whether
acute removal of Elp3 in APs impairs cortical neurogenesis, we
electroporated Cre- and/or GFP-expressing vectors in E13.5
Elp3lox/lox embryos. In these conditions, the level of Elp3 ex-
pression in Cre- electroporated APs was reduced by 73%
when compared to controls (data not shown). We subdividedental Cell 35, 553–567, December 7, 2015 ª2015 Elsevier Inc. 555
Figure 2. Cerebral Cortical Neurogenesis Defects in Elp3cKO Embryos
(A–C) Cell-cycle exit defects upon Elp3 depletion. Immunolabelings of BrdU (green), and Ki67 (red) on coronal section from E14.5WT or Elp3cKO embryos (A and
B). Cell cyle exit rate in percentage of control (C); 100% ± 4.5% forWT and 74.7% ± 2.9% for Elp3cKO, ***p < 0.001, Student’s t test; n = 7–9 brains per condition.
(D–M) Immunolabelings of bIII-tubulin (green) and Dapi (blue) in cortical wall of E12.5 (D) or E14.5 (E) embryos, genotypes as indicated. Postnatal brain (P0.5)
sections from WT or Elp3cKO immunolabelled to detect upper layer neuron markers (F and G; Cux1 in green and Satb2 in red) or deep layer neuron markers
(H and I; Ctip2 in green and Tbr1 in red), nuclei were Dapi+ (blue). In situ hybridization on cortical slices from WT or Elp3cKO newborn mice to detect mRNAs of
layer specific genes, as indicated (J–M).
(legend continued on next page)
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GFP+ cells into APs (Tbr2, Pax6+ or Tbr2, Tbr1), ‘‘newborn’’
IPs (Tbr2+, Pax6+ or Tbr2+, Tbr1; see ‘‘c’’ cells), IPs (Tbr2+,
Pax6 or Tbr2+, Tbr1+; see ‘‘b’’ cells), or neurons (Tbr2,
Pax6 or Tbr2, Tbr1+; see ‘‘a’’ cells) (Figures 5C and 5E). Acute
knockout of Elp3 impaired generation of ‘‘newborn’’ IPs (Figures
5C and 5D) and IPs (Figures 5C–5F) in favor of neurons (Figures
5C–5F) when analyzed 24 hr later. Co-expression of Cre with
Elp3, but not functionally disrupted HAT or SAM Elp3 mutants
whose ability to promote tRNA modification is compromised
(Selvadurai et al., 2014), rescued the neurogenesis phenotype
in Elp3lox/lox embryos (Figures 5C–5F). Altogether, these results
suggest that Elp3 ensures the balance between direct and indi-
rect neurogenesis in the developing cerebral cortex. The
impaired generation of neurons through indirect neurogenesis
reduces projection neuron number globally, thus contributing
to Elp3cKO newborn mice microcephaly.
Loss of Elp3 Expression Triggers the Unfolded Protein
Response in the Developing Cortex
We previously showed that acute knockdown of Elongator sub-
units impaired migration and terminal branching of projection
neurons, partly by preventing proper acetylation of a-tubulin in
microtubules (Creppe et al., 2009). We confirmed these results
in conditional knockout by showing that the genetic loss of
Elp3 in the cortical wall of Elp3lox/lox embryos induced radial
migration defect of projection neurons (Figure S6A) and that
a-tubulin acetylation was reduced in the cortex of E14.5
Elp3cKO embryos (Figures S6B and S6C). However, the region
encompassing VZ/SVZ progenitors had comparable levels of
a-tubulin acetylation in both genotypes (Figures S6D and S6E),
suggesting that other enzymes (Akella et al., 2010) that control
this process compensate for the loss of Elp3 in cortical progen-
itors. In addition, a comparative acetylome analysis from fore-
brain extracts of E14.5 WT or Elp3cKO embryos identified only
few proteins withmoderate to low reduction of lysine acetylation,
among which none obvious candidates for stem cell/progenitor
biology regulation were identified (Table S1). Therefore, our
data suggest that impaired neurogenesis and microcephaly of
Elp3cKO embryos are unlikely to result from major defects in
protein acetylation.
To gain insights into the molecular mechanisms underlying
impaired neurogenesis, we compared gene expression in
E14.5 Elp3cKO and WT forebrains with RNA sequencing (RNA-
seq). We identified 269 upregulated and 159 downregulated
transcripts in Elp3cKO forebrains (Table S2). Gene ontology
(GO) analysis revealed that the functional terms enriched in the
upregulated genes are associated with gene expression signa-
tures in progenitors (e.g., cell cycle, axon guidance), whereas
the downregulated transcripts are normally enriched in postmi-
totic neurons (e.g., neuron projection, synapses, axon) (Fig-(N–W) Immunolabelings on brain sections from E14.5 WT or Elp3cKO embryos sh
for quantification (P); 100.0% ± 2.2% for WT and 87.8% ± 2.9% for Elp3cKO,
undergoing S phase (BrdU in red, nuclei [Dapi] in blue; Q and R) used for quantifica
n = 3–4 brains per condition, and cortical progenitors undergoingM phase (pHH3
7.28% in WT embryos; 99.57% ± 3.87% in Elp3cKO) (V); 100% ± 6.9% for WT
condition (W).
Scale bars represent 100 mm (B, D, E, G, I, O, R, and U).
See also Figure S2.
Developmure 6A). As such, these gene expression patterns are in line
with the loss of postmitotic neurons (Figures 2D–2I) and the pro-
portional enrichment in cortical progenitors, as seen in the
cortical wall of Elp3cKO embryos (Figure S2A). Remarkably,
the top four most upregulated genes were associated with
cellular response to stress (Figure 6A) and in particular with ER
stress and the UPR (Figure 6B). Numerous transcripts sig-
nificantly upregulated in Elp3cKO forebrains were intercon-
nected within this pathway (Figures 6C and S6F), indicating
that deletion of Elp3 may trigger ER stress in cortical cells.
Indeed, transmission electron micrographs of Elp3cKO APs
showed swollen ER (Figure 6D), a feature indicating the accumu-
lation of misfolded proteins exceeding the capacity of ER folding
chaperones. Distorted ER was also observed at birth in latero-
dorsal radial glia progenitors that lack Elp3 expression
(Figure S6G).
ER stress is transduced via derepression of three integral ER
membrane proteins, including IRE1a (inositol-requiring enzyme
1a), PERK (double-stranded RNA-dependent protein kinase-
like ER kinase), and Atf6 (activating transcription factor 6) that
work alone or in concert to restore normal cellular function
(Wang and Kaufman, 2014). Interestingly, Elp3 deletion caused
neither an increased splicing of XBP1 mRNA, which occurs
downstream of IRE1a stimulation (Figure 6E), nor the activation
of Atf6 (Figure S6H). Instead, RNA-seq and qRT-PCR analyses
suggested a specific activation of the PERK pathway in the
developing cortex of Elp3cKO embryos, and an upregulation
of genes mediating survival after ER stress, such as Atf4,
Atf5, Slc7a3, Herp (Figures 6E, 6G, and data not shown)
(Chan et al., 2004; Rutkowski et al., 2006; Tuvia et al., 2007).
UPR triggers a series of mechanisms like autophagy to miti-
gate ER stress and restore normal cellular function (Wang and
Kaufman, 2014). Notably, we detected numerous autophagoly-
sosomes and residual bodies specifically in E14.5 Elp3cKO
APs (Figure 6D), strongly suggesting enhanced autophagy
upon Elp3 depletion. The PERK pathway enhances autophagic
elimination of protein aggregates through phosphorylation of
eIF2a and activation of downstream events such as an Atf4-
driven transcriptional gene network (Kouroku et al., 2007).
Indeed, Elp3 depletion led to increased phosphorylation of
both PERK and eIF2a, as well as upregulation of Atf4 (Figures
6I and 6J). Expression of the stress-inducible gene sestrin2
(Sesn2), a direct target of Atf4 that promotes autophagy (Zhang
et al., 2013) was also significantly higher in Elp3cKO embryos
(Figure 6G). Moreover, we detected preferential accumulation
of Atf4 in progenitors, including APs bordering the lateral
ventricle of E14.5 Elp3cKO embryos (Figure 6K). Taken together,
our results demonstrate that Elp3 depletion in cortical progeni-
tors may trigger ER stress and the activation of the UPR and
autophagy.owing cycling cortical progenitors (Ki67 in red, nuclei [Dapi] in blue; N, O) used
*p < 0.05, Student’s t test; n = 3–4 brains per condition), cortical progenitors
tion (S); 100.0%± 1.6% forWT and 82.8%± 5.9% for Elp3cKO, *p < 0.05, t test;
in green, nuclei [Dapi] in blue; T and U) used for quantification (V andW) 100%±
and 55.4% ± 1.6% for Elp3cKO, **p < 0.01, Student’s t test; n = 3 brains per
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Figure 3. Cortical Progenitor Defects in Elp3cKO Embryos
(A–I) Immunolabelings of cortical sections of E14.5 WT (A and B) or Elp3cKO (A and C) brains showing expression of Sox2 (green), Pax6 (red) expression in APs,
and nuclei (Dapi, blue). (B) and (C) are insets of (A). AP expressing Sox2 (D; 100%± 1.08% inWT embryos; 93.12%± 4.47% in Elp3cKO embryos; n = 3 brains per
condition) or Pax6 (E; 100%±0.88% inWT embryos; 97.52%±3.58% in Elp3cKO embryos; n = 3 brains per condition) in E14.5 Elp3cKO expressed as proportion
of control. APs (Sox2, red), undergoing S phase (BrdU, green) (F) or M phase (pHH3; green) (H) in E14.5 Elp3cKO expressed as proportion of VZ/SVZ cells
(G; 57.64% ± 0.81% in WT embryos; 56.57% ± 0.84% in Elp3cKO embryos; n = 3 brains per condition and I; 4.98% ± 0.06% in WT embryos; 4.82% ± 0.35% in
Elp3cKO embryos; n = 3 brains per condition).
(J–U) Immunolabelings of cortical sections of E14.5 WT (J and K) or Elp3cKO (J and L) brains showing expression of Insm1 (green), Tbr2 (red) expression in IPs,
and nuclei (Dapi, blue). (K) and (L) are insets of (J). IPs expressing Insm1 (M; 100.0%± 3.7% forWT and 69.9%± 2.3% for Elp3cKO, ***p < 0.001, t test; n = 5 brains
per condition) or Tbr2 (N; 100.0% ± 1.8% for WT and 58.4% ± 2.0% for Elp3cKO, ***p < 0.001, t test; n = 3 brains per condition) in E14.5 Elp3cKO expressed as
proportion of control. Expression of Tbr2 in cortical extracts from E14.5 WT or Elp3cKO measured by western blot (O) and normalized on b actin (P; 100.0% ±
1.3% for WT and 44.9% ± 5.8% for Elp3cKO, ***p < 0.001, t test; n = 3 brains per condition) or Sox2 (Q; 100.0% ± 10.6% for WT and 27.8% ± 1.6% for Elp3cKO,
***p < 0.001, t test; n = 3 brains per condition). IPs (Tbr2, red), undergoing S phase (BrdU, green) (R) or M phase (pHH3; green) (T) in E14.5 Elp3cKO expressed as
(legend continued on next page)
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Figure 4. Specification Defect of Neuronal Progenitor upon Elp3 Depletion
(A–C) Reduced generation of IPs from APs. Immmunolabelings of cortical sections from E14.5WT (A) or Elp3 cKO (B) brains showing Tbr2 (red), Pax6 (green), and
nuclei (Dapi, blue). Percentage of newborn IPs (Tbr2+; Pax6+) in WT or Elp3cKO cortices (C; 57.5% ± 1.8% for WT and 37.9% ± 1.7% for Elp3cKO, ***p < 0.001,
t test, n = 3–4 brains per condition). Arrowheads indicate newborn IPs (Tbr2+; Pax6+).
(D–F) Immunolabelings of neuroepithelial cells differentiated from human embryonic stem cells (hESCs) expressing control siRNAs (siCTRL, D; or siElp3, E) and
cultured as rosettes on MS5 cell feeder and showing Sox2 (green), Tbr2 (red), and Dapi (blue). Arrowheads indicate newborn IPs (Tbr2+; Sox2+). Percentage of
newborn IPs co-expressing Tbr2 and Sox2 in rosettes derived from siCTRL or siElp3 expressing hESC (F; 5.3% ± 0.4% for siCTRL and 2.7% ± 0.3% for siElp3,
***p < 0.001, t test, n = 46–71 rosettes per condition).
(G–K) Neuroepithelial cells cultured as rosettes derived from healthy (WT, G; or FD hiPSCs [FD 4638 and FD 4663], H and I, respectively) showing Sox2 (green),
Tbr2 (red). Western blot on NE extracts differentiated from WT or FD hiPSCs showing Elp1, Elp3, and b actin expression (J). Percentage of newborn IPs (Tbr2+;
Sox2+) in rosettes derived from WT or FD (FD 4638 and FD 4663) hiPSCs (K; ****p < 0.001, ANOVA-1).
Scale bars represent 100 mm (A and B).
See also Figure S4.Upregulation of UPR Mediates Neurogenesis Defects in
the Elp3cKO Developing Cortex
UPR contributes to physiological processes such as cell differ-
entiation during development (Heijmans et al., 2013; Xu et al.,
2014) and their induction is associated with several disorders
occurring during adulthood (Katayama et al., 2004; Wang and
Kaufman, 2014). To determine if upregulation of UPR triggers
the cortical neurogenesis defects seen upon Elp3 depletion,
we blocked Atf4 upregulation by electroporation of esiRNAs
(Figure S7A). Immunolabelings of brains harvested 24h later re-
vealed that depleting Atf4 at E13.5 in the cortex of Elp3lox/lox em-
bryos does not reduce cell viability (Figures S7I–S7L) but rescues
indirect neurogenesis by promoting generation of IPs at theproportion of VZ/SVZ cells (S; 11.68% ± 0.62% in WT embryos; 11.71% ± 0.49%
embryos; 1.28% ± 0.09% in Elp3cKO embryos; n = 3–4 brains per condition).
Scale bars represent 100 mm (B, C, F, H, K, L, R, and T).
See also Figure S3.
Developmexpense of neurons (Figures 7A and 7B). In contrast, silencing
Atf4 at E13.5 did not modulated neurogenesis in WT embryos
(data not shown). In striking resemblance to the phenotype of
Elp3 depletion, in utero injection of tunicamycin (TM), a N-linked
glycosylation inhibitor that triggers ER-stress and UPR-activa-
tion (Wang et al., 2015), also impaired neurogenesis (Figures
7C and 7D) without inducing cell death in WT embryos (Figures
S1H and S7F). Lineage tracing of GFP-electroporated APs
showed that TM treatment reduced IP formation in favor of neu-
rons (Figures 7C and 7D), thus mimicking the conditional loss of
Elp3 in APs. Importantly, both in utero injection of TM and treat-
ment of N2A cells with the drug induced the expression of Atf4
and its direct target Atf5 (Figures S7B–S7D). Collectively, ourin Elp3cKO embryos; n = 3 brains per condition and U; 1.37% ± 0.06% in WT
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Figure 5. Reduced Generation of IPs from Dividing APs Leads to Neurogenesis Defects in Elp3cKO Cortices
(A–F) Acute depletion of Elp3 in E13.5 embryos (A) to follow the APs daughter cell fate 1 day later (B). Cortical slices from E14.5 embryos electroporated with Cre-
GFP or GFP and Elp3DSAMor Elp3HATmexpressing plasmids (C), showing Tbr2 (red; C and E), Pax6 (blue, C) or Tbr1 (blue; E) expression inGFP+ cells (green; C
and E). GFP+ cells subdivided into APs (Tbr2, Pax6+ or Tbr2, Tbr1), ‘‘newborn’’ IPs (Tbr2+, Pax6+ or Tbr2+, Tbr1; ‘‘c’’ cells), IPs (Tbr2+, Pax6 or Tbr2+, Tbr1+;
‘‘b’’ cells), or neurons (Tbr2, Pax6 or Tbr2, Tbr1+; ‘‘a’’ cells) (insets in C and E). Percentage of electroporated cells co-expressing or not Tbr2 and Pax6 (D) or
Tbr2 and Tbr1 (F) in E14.5 cortical slices electroporated with Cre-GFP or GFP plasmids 1 day earlier (****p < 0.001, ANOVA-2).
See also Figure S5.findings supported a direct contribution of UPR activation to the
reduction of IPs in Elp3cKO embryos.
Elp3 Ablation in Cortical Progenitors Impairs tRNA
Modification and Elicits Codon-Specific Translational
Pausing
We next asked how loss of Elongator function triggers UPR acti-
vation.We examined whether these cellular responses are linked
to the absence of mcm5/ncm5 at U34 in tRNA in cells lacking
Elongator (Glatt and Mu¨ller, 2013), as loss of U34 modification560 Developmental Cell 35, 553–567, December 7, 2015 ª2015 Elsevwas recently shown to decrease codon translation rates and
trigger protein aggregation in yeast and nematodes (Nedialkova
and Leidel, 2015). As a proxy for the presence of these 5-carbon
moieties, we analyzed the levels of 2-thiolation (s2) at U34 in
tK(UUU), tQ(UUG), tE(UUC), and tR(UCU) in cortical extracts of
WT and Elp3cKO embryos. Thiolation of U34 in these tRNA spe-
cies can be detected by electrophoresis in the presence of
[(N-acryloylamino)phenyl]mercuric chloride (APM) and depends
on the prior addition of mcm5 by Elongator (Bauer et al., 2012;
Leidel et al., 2009). Remarkably, we found that the conditionalier Inc.
loss of Elp3 in the cortex severely decreased s2U in these four
tRNA species (Figures 7E and 7F), likely as a result from the
absence of mcm5 at U34. Therefore, the Elongator complex is
required for U34 modification in the developing mouse brain.
We next sought to determine whether loss of U34 modifica-
tions in Elp3cKO causes codon-specific translation defects. To
test this, we examined transcriptome-wide ribosome occupancy
in E14.5WT and Elp3cKO forebrains by ribosome profiling (Ingo-
lia et al., 2012). Strikingly, ribosome occupancy at specific co-
dons read by U34-containing tRNAs was robustly increased in
the mutant (Figure 7G), indicative of ribosome pausing in vivo
(Li et al., 2012). Curiously, ribosome pausing in the Elp3cKO cor-
tex was most pronounced at the AGA triplet (Figure 7G). The
tRNA cognate for this codon—tR(UCU)—carries only an mcm5
group at U34 in yeast (Johansson et al., 2008), but in murine cells,
it is also thiolated at the 2-carbon (Figure 7F) (Songe-Møller et al.,
2010). Pausing was specific when codons read via tRNAs with
U34 were within the ribosomal A site (Figure S6I), suggesting it re-
sults from inefficient decoding. Thus, our data demonstrate that
loss of Elongator results in codon-specific translation defects in
the developing cortex of mice.
To examine whether the cortical neurogenesis phenotype
observed in Elp3cKO embryos resulted mainly from tRNA modi-
fication defects, we examined the effect of depleting Alkbh8,
which catalyzes the last step of mcm5 formation at U34
(Songe-Møller et al., 2010) (Figure 7H). Remarkably, silencing
of Alkbh8 by in utero electroporation of esiRNAs in E13.5 phe-
nocopied Elp3 deletion and intracerebroventricular injection of
TM by favoring direct neurogenesis at the expense of indirect
neurogenesis (Figures 7C, 7D, 7I, and 7J; Figure S7E; Figures
5C–5F) and without affecting cell viability (Figure S7F). Because
inefficient decoding by tRNAs with unmodified U34 can trigger
protein aggregation (Nedialkova and Leidel, 2015), we propose
that codon-specific translational slowdown in Elp3cKO cortical
progenitors may also lead to protein misfolding in the ER. The re-
sulting ER stress and induction of the UPR may, in turn, account
for the cortical neurogenesis defects in Elp3cKO animals.
Loss of Elp3 Impairs Neurogenesis in Flies
To test whether Elongator affects neurogenesis in other organ-
isms, we depleted Elp3 in inscutable-expressing neuroblasts of
Drosophila third instar larvae. This lead to a reduced number of
Miranda-expressing neuroblasts and a smaller optic lobe size
were observed in Drosophila third instar larvae upon Elp3 deple-
tion in inscutable-expressing neuroblasts (Figures S7I–S7M).
Strikingly, qRT-PCR analyses revealed an activation of UPR
through the PERK/Atf4 pathway in Elp3 knockdown larvae,
including the upregulation of known downstream targets of this
pathway, such as Thor (the fly eiF4ebp homologous) CG7255
(the fly Slc7a3 homologous), and Dilp8 (Demay et al., 2014) (Fig-
ure S7N). These results indicate that the role of Elongator in brain
neurogenesis is conserved between flies and mammals.
UPR Signaling Ensures the Balance between Direct and
Indirect Neurogenesis
To investigate whether a physiological regulation of UPR
signaling contributes to the dynamic balance between direct
and indirect neurogenesis in the developing cortex, we
measuredmRNA levels of UPR pathway components at differentDevelopmmilestones of cortex development by qRT-PCR in MACS-iso-
lated prominin1+ cortical progenitors (Figure S7H). We found
that between E12.5 and E16.5, expression of Atf4 and Atf5 in
WT embryos is progressively reduced in APs as cortical devel-
opement proceeds and as neurons start to be generated by
IPs (Figure 7K). Moreover, depletion of Atf4 at the onset of corti-
cogenesis (E12.5) increased the generation of IPs at the expense
of neurons through direct neurogenesis in WT embryos (Figures
7L and 7M). These data reveal the existence of a signaling
pathway downstream of the UPR that dynamically controls the
specification switch undertaken by APs during corticogenesis
(Figure 7N).
DISCUSSION
Elongator Is Expressed byCortical Progenitors,Where It
Sustains Proper Neurogenesis
Detection of Elongator subunits in cortical progenitors empha-
sizes a role for this complex at early stage of neurogenesis.
Despite their expression in progenitors, acute knockdown of
Elp3 and Elp1 by shRNA at E14.5 did not interfere with prolifera-
tion or specification of cortical progenitors (Creppe et al., 2009),
likely because the depletion occurred too late during cortical
development to affect neurogenesis or because its residual ac-
tivity was compatible with proper dynamic of cortical neurogen-
esis. To determine if Elongator controls cortical neurogenesis,
we engineered a conditional knockout mouse line to ablate
Elp3 (Elp3cKO) from E10.5 forebrain NEs. The conditional dele-
tion of Elp3 led to significant shrinkage of the IP pool because
of the specification defect of dividing APs that preferentially
generated neurons. Similarly, cultured human NEs derived either
from Elp3 knockdown hESCs or from FD patient iPSCs exhibited
neurogenesis defects, potentially shedding new light on the pu-
tative pathomechanisms resulting from disruption of Elongator
activity in FD (Slaugenhaupt et al., 2001) and intellectual
disability (Najmabadi et al., 2011).
Loss of Elongator Expression Hampers Translation
Several signaling pathways have been associated with the
choice made by cycling APs between symmetric proliferative di-
vision (generation of AP daughters) and asymmetric differentia-
tive division (generation of neuron or IP) (Laguesse et al.,
2015). However, the molecular basis of the cell fate decision of
dividing AP to become either neuron or IP remains poorly under-
stood. In this context, our data show that conditional deletion of
Elp3 in APs favors direct neurogenesis at the expense of IP gen-
eration. It should be noted that despite the reduced pool of cells
expressing Tbr2 proteins (50%) in Elp3cKO embryos, global
cortical levels of Tbr2 mRNAs were similar between genotypes
(Figure S2A). Because Tbr2 acetylation levels remained un-
changed in comparative acetylome from E14.5 Elp3cKO and
WT forebrains, we hypothetize that Elongator contributes to its
translation in the cortex. This is consistent with the ability of Elon-
gator to promote addition of mcm5 and ncm5 groups at U34 of
certain tRNAs (Huang et al., 2005), which ensure translational
efficiency in metazoans (Glatt and Mu¨ller, 2013; Nedialkova
and Leidel, 2015; Phizicky and Hopper, 2010). Ribosome
profiling confirmed that codons read by ncm5/mcm5-modified
tRNAs are translated more slowly in E14.5 Elp3cKO forebrainsental Cell 35, 553–567, December 7, 2015 ª2015 Elsevier Inc. 561
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(Figure 7G). The remarkably similar phenotypes we obtained by
ablation of Elp3 or silencing of Alkbh8 strongly suggest that the
imbalance between direct and indirect neurogenesis in Elp3cKO
embryos results from lack of tRNA modification (Figure 7F),
rather than another putative function of Elongator in APs.
Dynamic Regulation of UPR Controls Neurogenesis in
the Developing Cerebral Cortex
The molecular regulation of the progressive switch from direct to
indirect neurogenesis during the corticogenesis remains un-
known. Herewe show that inmice, loss of Elongator favors direct
neurogenesis when most neurons should arise from IPs. The
codon-specific ribosome pausing that results fromU34modifica-
tion loss in Elp3cKO cortices (Figures 7F and 7G) likely leads to
accumulation of aberrantly folded proteins, as it has been
observed in yeast and worms (Nedialkova and Leidel, 2015).
Accordingly, we present multiple lines of evidence for ER stress
and UPR activation in Elp3cKO APs: inflated ER and accumula-
tion of autophagolysosomes and residual bodies (Figure 6D), as
well as deregulated expression of several components of the
ER-stress/UPR pathway (Figure 6C). Despite these observa-
tions, we cannot formally exclude the contribution of ER
stress-independent mechanisms to UPR activation in Elp3cKO
APs. Changes of ER morphology can occur without ER stress
(English and Voeltz, 2013), and some molecular actors that
sign ER stress are not detected in Elp3cKO cortices. Indeed,
UPR also works as a physiological homeostat that balances
the cell’s protein folding capacity with its needs and recent
works support its active contribution to cell differentiation in
distinct tissues (Heijmans et al., 2013; Rosekrans et al., 2015).
We found that exacerbated transduction through the PERK-
eiF2a UPR branch—also used by differentiating intestinal stem
cells (Heijmans et al., 2013)—interferes with cortical neurogene-
sis in Elp3cKO embryos. Pharmacological induction of the ER
stress and the UPR by tunicamycin mimicked the loss of Elonga-
tor activity by promoting direct neurogenesis at the expense of
IPs (Figures 7C and 7D), thus supporting a physiological role
for UPR in differentiation/specification of cortical progenitors.
According to the dynamic equilibrium existing between direct
and indirect neurogenesis in the developing cortex, we observed
a progressive dampening of UPR signaling in cortical progeni-
tors as cortex development proceeds and as direct neurogene-
sis ceases (Figure 7K). Importantly, by depleting Atf4 at the onset
of corticogenesis, we found that this protein is critical for direct
neurogenesis in the developing cerebral cortex (Figures 7L–7M).Figure 6. Unfolded Protein Response Induction in Elp3cKO Cortices
(A andB) Gene ontology (GO) analysis of RNA-sequencing data from fromE14.5W
seq data obtained from E14.5WT or Elp3cKO (cKO) embryos. Top four upregulate
of 1.5-fold changes in gene expression (B).
(C and D) Heatmap of transcript expression levels in E14.5 WT or Elp3cKO embry
Transmission electronic micrographs of APs from E14.5 WT or Elp3cKO where r
arrows indicate autophagolysosomes, and blue arrowhead shows residual bodie
(E–K) Expression levels of UPR actors (Atf4, CHOP, and XBP1, respectively, for PE
downstream targets of the PERK pathway in Elp3cKO versus WT E14.5 embryos
E14.5WT embryos (F and H). Western blot showing PERK pathway activation in c
compared to average WT band intensity normalized to respective actin band inte
Elp3cKO embryos showing Atf4 (red) and Dapi (blue) (K). In situ hybridization pic
Scale bars represent 500 nm (C) or 100 mm (J).
See also Figure S6.
DevelopmElongator Is a Hub that Coordinates Generation and
Maturation of Projection Neurons
Formation of the cerebral cortex requires the proliferation and
specification of cortical progenitors, followed by migration
and network integration of their progeny. We currently know
very little about the molecular signals that coordinate these
processes in space and time. Elongator is expressed in the
developing cortex from progenitors to differentiating neurons
and we have previously shown that the acute loss of its activity
impaired tubulin acetylation and interfered with the migration
and differentiation of cortical projection neurons (Creppe
et al., 2009). However, multiple activities have been described
for Elongator and we now provide support that this complex
contributes to AP specification by ensuring optimal codon
translation rates, a function that needs to be revisited in
maturing neurons. Codon-specific translation defects and ER
stress promote UPR upregulation in Elp3cKO cortices, im-
pairing AP specification and leading to microcephaly. This un-
expected role for UPR signaling in corticogenesis is further
substantiated by the time-dependent downregulation of UPR
we observed in WT progenitors (Figure 7K). Together with other
recent findings (Heijmans et al., 2013; Rosekrans et al., 2015;
Xu et al., 2014), our results uncover an active role of the UPR
in governing the balance between proliferation and differentia-
tion in different tissues.EXPERIMENTAL PROCEDURES
Mouse Lines and Genotyping
Time-pregnant NMRI (Janvier Labs, Saint Berthevin, France), FoxG1Cre/+
(J.-M. He´bert, NY), and NEXCre/+ (K.A. Nave, Go¨ttingen) Sox2CreERT2Cre/+
(S. Nicolis, UNIMIB, IT), Elp3lox/lox mice backcrossed in MF1 or 129/SvJ ge-
netic background were housed under standard conditions and they were
treated according to the guidelines of the Belgian Ministry of Agriculture in
agreement with the European Community Laboratory Animal Care and Use
Regulations (86/609/CEE, Journal Officiel des Communaute´s Europe´ennes
L358, 18 December 1986).
Progenitor Enrichment by Magnetic-Activated Cell Sorting
Typically, 10–20 cortices (E12.5 to E16.5 embryos) were pooled, digested by
papain (20 min at 37C and stopped by addition of 1 volume of ovomucoid),
and single cells were filtrated on a 50 mM cell stainer (Greiner Bio One). Cells
were centrifuged for 5 min at 1,200 rpm, washed and then re-suspended in
MACS buffer (PBS, 2 mM EDTA, 0.5% FBS) (107 unlabeled cells in 180 ml)
containing 20 ml of anti-CD133 (prominin1) magnetic beads (Milteyni Biotec).
Cells were incubated for 15 min at 4C then washed and resuspended in
500 ml MACS buffer. LS columns (Milteyni) were pre-wet with 3 ml ofT or Elp3cKO cortical extracts (n = 2 for each genotype) (A). Scatterplot of RNA-
d transcripts (red) in Elp3cKO embryos. External dotted lines demarcate cut-off
os. Red-green log2 scale indicates variation in sample compare to average (C).
ed arrows indicate ER, red arrowheads indicate distorted ER (Elp3cKO), blue
s (Elp3cKO). Stars mark AP primary cilia extruding in lateral ventricles (LV) (D).
RK and IRE1a pathway) in WT and Elp3cKO E14.5 embryos (E). Enrichment of
(G). Expression pattern of PERK targets mRNAs in parasagittal sections from
ortical extracts from E14.5 embryos, fold changes of Elp3cKO band intensity as
nsity are in purple (I and J). Immunolabeling of brain sections from E14.5 WT or
tures (F and H) have been obtained from http://www.GenePaint.org.
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MACS buffer before applying cell suspension. LS columns were washed 3
times with 3 ml MACS buffer. Magnetically labeled cell fractions were flushed
out with 5 ml MACS buffer. Cells were centrifuged 10 min at 1,200 rpm and
subjected to RNA extraction.
Sequence Analysis
Sequences were aligned to a reference of transcripts derived from the UCSC
known canonical genes (Hsu et al., 2006) in themm10 assembly of theM.mus-
culus genome using Bowtie (Langmead et al., 2009) and allowing one
mismatch in the seed sequence. For codon occupancy analysis, only reads
of 30 nt and with a perfect match to the reference sequence were used. As
most of these reads had a 50-nt in the 0 and1 frames of canonical coding se-
quences, we used an offset of 15 nt or 16 nt from the 50 end of each read to infer
the A site codon within footprints (Ingolia et al., 2012; Stadler and Fire, 2011).
To calculate codon-specific ribosome occupancy, we measured the basal
occurrence of each codon by computing its average frequency in the three
non-tRNA binding positions downstream of the A site (+1 to +3). Codon occu-
pancy in E, P, and A sites was then calculated by dividing the frequency of a
codon in each of these sites by its basal occurrence, an approach similar to
(Nedialkova and Leidel, 2015). Differential expression in RNA-seq datasets
was tested with DESeq (Anders and Huber, 2010), and statistical significance
was defined by a Benjamini-corrected p < 0.05. GO term analysis was per-
formed with DAVID 6.7 (Huang et al., 2009) and STRING v9.1 (Franceschini
et al., 2013). The heatmap was constructed using PermutMatrix tool (v1.9.3)
(Caraux and Pinloche, 2005).
Cell Counting and Statistics
Cortical wall areas were identified on frozen cryostat sections according to cell
density, nuclear orientation (Hoechst 33342), and cell identity (bIII-tubulin) after
immunostainings, as previously described (Nguyen et al., 2006). For each
sample, magnified fields (203 and 403) were acquired on three adjacent sec-
tionswith a confocalmicroscope to reach a cellular level of analysis. Formigra-
tion experiments, 1,000–3,000 cells were counted in each brain and three to
seven brains were analyzed for each experimental condition. The cortical
wall thickness was measured on Hoechst-stained sections. Statistics for
dual comparisons were generated using unpaired two-tailed Student’s t tests
unless specified, while statistics for multiple comparisons were generated us-
ing one- or two-way ANOVA followed by appropriate post hoc test (GraphPad
Prism software, version 5); *p < 0.05, **p < 0.01, ***p < 0.001 for all statistics
herein (see also Table S1).
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The accession number for the sequencing data reported in this paper is GEO:
GSE74683.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
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http://dx.doi.org/10.1016/j.devcel.2015.11.005.Figure 7. UPR Signaling Controls Neurogenesis in the Developing Cer
(A–D) Percentage of electroporated cells expressing specific combinations ofmar
C: Pax6+, Tbr2+; B and D: Tbr2+, Tbr1), IPs (A and C: Pax6,Tbr2+; B and D: T
modulation of Atf4 expression in E14.5 Elp3lox/lox embryos (A and B) or after induc
(C and D).
(E) Drawing of tRNA that shows common uridine (U34) modification that required
(F–N) Northern blot showing lack of tRNA thiolation (S2) in E14.5 Elp3cKO cortic
mcm5U modification on U34 side chains (H). Codon-specific changes in A-site ri
genotype). Codons cognate for tRNAs with U34 are indicated with an asterisk. S
(small: <0.005; medium: 0.005–0.015; large: >0.015) (G). Percentage of electropo
Tbr2; J and M: Tbr2, Tbr1), newborn IPs (I and L: Pax6+, Tbr2+; Tbr2+, Tbr1
Tbr2; J and M: Tbr2, Tbr1+) after electroporation, of control (siCTRL) or esiRNA
M) in E12.5 WT embryos. Expression of UPR-related genes in MACS-isolated
suggesting a role for UPR in the regulation of the balance between direct and ind
Elongator activity in APs (N).
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